Martin EM, Clapp PW, Rebuli ME, Pawlak EA, Glista-Baker E, Benowitz NL, Fry RC, Jaspers I. E-cigarette use results in suppression of immune and inflammatory-response genes in nasal epithelial cells similar to cigarette smoke. Am J Physiol Lung Cell Mol Physiol 311: L135-L144, 2016. First published June 10, 2016; doi:10.1152/ajplung.00170.2016.-Exposure to cigarette smoke is known to result in impaired host defense responses and immune suppressive effects. However, the effects of new and emerging tobacco products, such as e-cigarettes, on the immune status of the respiratory epithelium are largely unknown. We conducted a clinical study collecting superficial nasal scrape biopsies, nasal lavage, urine, and serum from nonsmokers, cigarette smokers, and e-cigarette users and assessed them for changes in immune gene expression profiles. Smoking status was determined based on a smoking history and a 3-to 4-wk smoking diary and confirmed using serum cotinine and urine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) levels. Total RNA from nasal scrape biopsies was analyzed using the nCounter Human Immunology v2 Expression panel. Smoking cigarettes or vaping e-cigarettes resulted in decreased expression of immunerelated genes. All genes with decreased expression in cigarette smokers (n ϭ 53) were also decreased in e-cigarette smokers. Additionally, vaping e-cigarettes was associated with suppression of a large number of unique genes (n ϭ 305). Furthermore, the e-cigarette users showed a greater suppression of genes common with those changed in cigarette smokers. This was particularly apparent for suppressed expression of transcription factors, such as EGR1, which was functionally associated with decreased expression of 5 target genes in cigarette smokers and 18 target genes in e-cigarette users. Taken together, these data indicate that vaping e-cigarettes is associated with decreased expression of a large number of immune-related genes, which are consistent with immune suppression at the level of the nasal mucosa.
EXPOSURE TO CIGARETTE SMOKE (CS), via active smoking or second-hand smoke (SHS) exposure, continues to be the number one cause of preventable mortality and morbidity worldwide (48a) . A large body of clinical and laboratory data supports a significant relationship between CS exposure, immune suppression, and increased risk for respiratory viral or bacterial infection. Even in otherwise healthy subjects, smoking or SHS exposure is associated with enhanced susceptibility to microbial infections as well as enhanced infection-associated severity and morbidity (25, 26) . Smoking broadly suppresses multiple host defense mechanisms including epithelial cell responses and recruitment and activation of innate immune cells, such as neutrophils, macrophages, and NK cells. Our previous work shows that, in the context of viral infections, CS exposure modifies the ability of epithelial cells to mount an effective type I interferon response, produce cytokines/chemokines necessary for immune cell activation, and recruit and activate resident immune cells, effectively compromising innate immune host defense responses (14 -16, 24, 34, 35, 38) .
While smoking rates continue to decline in the United States, the number of e-cigarette users is on the rise. Both the CDC and the FDA consider e-cigarettes as tobacco products, and the recently passed "Deeming Rule" deems e-cigarettes as "tobacco products to be subject to the Federal Food, Drug, and Cosmetic Act" (5, 9) . However, e-cigarettes are often advertised as "less harmful" than conventional cigarettes and the effects that vaping e-cigarettes may have on respiratory mucosal immune responses are completely unknown. A few animal studies suggest that inhalation of e-cigarette vapor increases susceptibility to viral and microbial infections (47) or enhances bacterial growth/biofilm formation (20) . E-cigarette vapor is a complex mixture derived by aerosolizing e-liquids composed of nicotine, flavoring agents, and humectants, such as propylene glycol and vegetable glycerin. Vaporizing e-liquids, especially at higher temperatures than recommended by the manufacturer, may result in the generation of known pulmonary toxicants such as formaldehyde, acetaldehyde, and acrolein (10, 11) . In addition, some of the potential flavorings contained in e-cigarettes, such as diacetyl or benzaldehyde, have known adverse respiratory effects (2, 13, 23, 27, 50) . However, the effects of e-cigarettes on innate immune responses in the respiratory mucosa of humans are unknown.
In an initial effort to examine the effects of e-cigarettes on human respiratory innate immune responses, we designed a clinical study collecting nasal scrape biopsies from human smokers, nonsmokers, and e-cigarette users to examine differences in immune gene expression at the level of the epithelium. Previous studies have shown that exposure-related gene expression changes in airway epithelial biopsy samples are po-tential biomarkers of disease or underlying adverse health effects (3, 4, (42) (43) (44) (45) . Changes in mRNA expression levels can indicate disturbances in cellular metabolic pathways leading to cell death or disease and as such, are valuable predictors of exposure and/or xenobiotic toxicity. In addition, smokinginduced gene signatures are very similar in bronchial and nasal epithelial cells (45) suggesting that the less invasively obtained nasal tissue is representative and/or an extension of changes induced in the lower airways. Furthermore, we have previously demonstrated that in the context of viral infections, the expression of immune genes was suppressed in nasal epithelial cells obtained from smokers (24, 38) . While we have demonstrated that CS exposure can alter gene expression in nasal epithelial cells, our previous studies have been limited to individual gene analysis. The goals of the present study are to provide a more comprehensive profile of CS-induced changes to immune gene expression, a novel assessment of e-cigarettes-induced changes to immune gene expression, and the first comparison of e-cigarette and CS effects on the respiratory innate immune system.
MATERIALS AND METHODS
Subject recruitment and sample collection. This was a prospective, observational cross-sectional study comparing gene expression profiles in nonsmokers, cigarette smokers, and e-cigarette users. Subjects were healthy young adults 18 -50 years of age in three groups: 1) nonsmokers not regularly exposed to SHS (control group); 2) selfdescribed active cigarette smokers (smoker group); and 3) selfdescribed, active e-cigarette users/vapers who had been using e-cigarettes regularly for at least 6 mo. Dual users smoking more than 5 cigarettes/wk in addition to using e-cigarettes were excluded from these studies. The exclusion criteria for this study were current symptoms of allergic rhinitis, diagnosis or symptoms of asthma, forced expiratory volume in 1 s (FEV 1) less than 75% of predicted at screen, chronic obstructive pulmonary disorder (COPD), cardiac disease or any chronic cardiorespiratory condition, bleeding disorders, immunodeficiency, recent nasal surgery or nasal steroid use, or current pregnancy. At the initial screen visit, a self-reported smoking/ e-cigarette use history was obtained and subjects were asked to complete a 3-to 4-wk smoking and e-cigarette use diary prior to the sample acquisition visit. Subjects were asked to return after 3-4 wk, at which point the smoking diary, vital signs, urine, blood, demographic information, and pregnancy tests (for female subjects) were collected. For the purposes of analysis, individuals were classified according self-reported smoking status as current smokers, nonsmokers, or e-cigarette users. Of the e-cigarette users, n ϭ 9 identified themselves as former cigarette smokers. For the purpose of this study, current e-cigarette use was defined as having exclusively or predominantly vaped e-cigarettes for at least 6 mo. In addition, self-classification was cross-checked against participants' diaries as well as analyses of tobacco and nicotine metabolites in serum and urine to verify smoking status (see Table 1 and Supplemental Table S1 ; Supplemental Material for this article is available online at the Journal website).
At that point, superficial scrape biopsies of the epithelium in the inferior surface of the middle nasal turbinate were obtained from each subject, and epithelial RNA was isolated, similar to our previous studies (31, 38) . Nasal lavage was carried out similar to our previous studies (16, (33) (34) (35) (36) using repetitive spraying of nostrils with sterile normal saline (0.9%) irrigation solution (4 ml per nostril). Cell-free nasal lavage fluid (NLF) was obtained by filtration and centrifugation of the NLF to remove cells and debris as described by us before (13, 29 -32) . When sufficient NLF cells were available, cytocentrifuge slides were prepared as described by us before (13) and stained using a modified Wright stain for differential cell counts. At least 100 cells were counted on each slide to quantify the percent neutrophils present (16, (33) (34) (35) (36) .
Informed consent was obtained from all subjects, and the protocol was submitted to and approved by the University of North Carolina at Chapel Hill Biomedical Institutional Review Board.
Assessment of nicotine and tobacco biomarkers. Serum cotinine and urine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) levels were assayed by liquid chromatography tandem mass spectrometry using published methods (21, 22) . Cotinine is the proximate metabolite of nicotine and is a biomarker of daily dose of nicotine. NNAL is a tobacco specific nitrosamine and metabolite of NNK [nicotine-derived nitrosamine ketone (NNK), also known as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone], which is found in tobacco smoke but not (or in negligible amounts) in e-cigarette vapor. The limits of quantification for serum cotinine were 0.02 ng/ml for nonsmokers and e-cigarette users and 1 ng/ml for cigarette smokers, while the limit for urine NNAL quantification was 0.25 pg/ml for all groups. The limit of quantitation was different for nonsmokers/ecigarette users and cigarette smokers based on the use of different levels of internal standards. This is necessary because levels in cigarette smokers are so much higher (1-200 ng/ml) than in nonsmokers or e-cigarette users (0.05 to 10 ng/ml).
Nanostring-based gene expression analysis. Total RNA isolated from superficial scrape biopsies was analyzed by using the nCounter Human Immunology v2 Expression panel from Nanostring (Nanostring, Seattle, WA), which assesses the expression of n ϭ 597 human immunology-related genes. Nanostring data were normalized in a two-step process as per the manufacturer's recommendation and processed using Partek Genomic Suite (St. Louis, MO). First, positive control normalization was performed, where the geometric mean for each sample's positive control was calculated. Then a lane normalization factor was calculated by dividing the positive control geometric mean of each sample by the mean of the geometric means. The lane normalization factors were then used to adjust each sample individually. The same protocol was then repeated for housekeeping genes. Together, these processes control for batch effect and artifact error. Genes that were expressed below the stated manufacturer threshold in more than 25% of subjects were excluded from analysis. Values are mean Ϯ SE.
Differential expression was determined between groups using an analysis of covariance (ANCOVA) controlling for age, race, sex, and body mass index (BMI). Specifically, differences were tested between smokers and nonsmokers, e-cigarette users and nonsmokers, and e-cigarette users and cigarette users. Differential expression was defined as an ANCOVA overall P Ͻ 0.05 with a false discovery corrected q Ͻ0.1.
Pathway analysis and identification of key transcription factors. Pathway analysis was conducted using Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, Redwood City, CA). Enriched canonical pathways were identified via a right-tailed Fisher's exact test. Statistical significance for canonical pathways was set at P Ͻ 0.05. These data were subsequently validated in a separate analysis using DAVID.
In addition to canonical pathway analysis, IPA was used to assess the impact of genes coding for transcription factors that were differentially expressed within our dataset. Specifically, the upstream regulator module was used to determine the number of transcripts that were altered within our dataset and controlled by differentially expressed genes coding for transcription factors. P values for the upstream regulator module were determined by a two-tailed Fisher's exact test and significance was set at P Ͻ 0.01. To validate the findings of the IPA analysis, a second analysis was conducted using Genomatix's Overrepresented Transcription Factor Binding Site tool (Genomatix Software, Ann Arbor, MI). This analysis determined the number of genes with binding sites in the promoter region for differentially expressed genes that code for transcription factors. Promoter region sequences were defined as 500 base pairs upstream and 1,000 base pairs downstream of the transcription start site. A z-score was calculated to determine overrepresented transcription factor binding sites, with a z-score Ն 2 or Յ Ϫ2 corresponding to a P value of 0.05. For this reason statistical significance was set at z Ͼ |2|.
ELISA analysis of CSF-1 and CCL26/eotaxin-3. Cell-free NLF from all subjects were used to analyze Colony Stimulating Factor 1 (CSF-1) and Chemokine (C-C Motif) Ligand 26 (CCL26/eotaxin-3) protein levels via commercially available ELISA kits (Meso Scale Diagnostics, Rockville, MD). Data in the cigarette smokers and e-cigarette users were assessed as picograms per milliliter cell-free NLF and normalized to the average level in nonsmokers. The expression ratio values were converted to fold changes using log2 transformation, similar to the gene expression data and compared with the fold change cutoff for nonsmokers [log2(1) ϭ 0] by the one-sample t-test.
RESULTS
Description of study subjects. Among the individuals included in this study (n ϭ 39), about an equal number were nonsmokers (n ϭ 13; 33.3%), cigarette smokers (n ϭ 14; 35.8%), and e-cigarette users (n ϭ 12; 30.8%). The average BMI, age, and sex distribution did not significantly differ among the different groups (Table 1) . Similarly, the average percent neutrophils present in the NLF did not differ among the three different groups (nonsmokers ϭ 39.66 Ϯ 23.66; cigarette smokers ϭ 52.31 Ϯ 37.72; e-cigarette users ϭ 61.35 Ϯ 24.67). The average number of cigarettes smoked per day in the smokers category was ϳ12, ranging from 2.5 to 21 cigarettes/ day. In the e-cigarette user category, the average number of puffs inhaled per day was ϳ200, ranging from 5.8 to 610.7, illustrating the broad range of users included in this study. Of the e-cigarette users, nine identified themselves as having previously smoked cigarettes, while three indicated no prior cigarette smoking history (Table 1 ). In addition, five of the subjects reported occasionally smoking cigarettes (Supplemental Table S1 ).
As expected, biochemical markers for nicotine exposure (cotinine) and tobacco-specific NNAL were at or below the detection limit in nonsmokers. In smokers, serum cotinine and urine NNAL levels were significantly correlated with cigarettes smoked per day (P Ͻ 0.05). Similarly, serum cotinine levels were significantly correlated with e-cigarette puffs per day (P Ͻ 0.01), whereas urine NNAL levels were not. Average urine NNAL levels were significantly lower in e-cigarette users compared with smokers (Fig. 1 ). Only one subject had urine NNAL levels above the cutoff point distinguishing smokers from nonsmokers of 47 pg/ml (12) , while the majority of e-cigarette users had urine NNAL levels comparable to those seen in nonsmokers (Supplemental Table S1 ), suggesting predominant or exclusive e-cigarette use in these subjects.
Differential expression of genes in nasal biopsy samples in smokers vs. e-cigarette smokers. Of the 597 genes tested on the Nanostring nCounter Human Immunology Array, 543 genes were expressed above background in nasal biopsy samples. A total of 358 of the 543 detectable genes were differentially expressed in at least one condition in nasal biopsy samples. Of these, 53 genes were differentially expressed when comparing cigarette smokers and nonsmokers (Fig. 2, A and B) . All of the 53 genes that changed in cigarette smokers showed decreased expression (Supplemental Table S2 , Fig. 2B ). The top five genes with changed expression in cigarette smokers were Early Growth Response 1 (EGR1), Dipeptidyl-Peptidase 4 (DPP4), Chemokine (C-X-C Motif) Ligand 2 (CXCL2), Chemokine (C-X3-C Motif) Receptor 1 (CX3CR1), and CD28 Molecule (CD82). When comparing e-cigarette users with nonsmokers, 358 genes were differentially expressed. As with the cigarette smokers, all 358 genes that were differentially expressed in e-cigarette users also showed decreased expression (Supplemental Table S2 ). The top five genes with changed expression in e-cigarette users were Zinc Finger And BTB Domain Containing 16 (ZBTB16), EGR1, Polymeric Immunoglobulin Receptor (PIGR), Prostaglandin-Endoperoxide Synthase 2 (PTGS2), and FK506 Binding Protein 5 (FKBP5). All 53 genes changed in the comparison of cigarette smokers with nonsmokers were also changed in the comparison of e-cigarette smokers with nonsmokers (Fig. 2B) . The extent of change in gene expression of e-cigarette users was much greater than that of cigarette smokers. The reduction in gene expression is illustrated in the heat map of fold changes induced in e-cigarette users and cigarette smokers compared with nonsmokers (Fig.  3) . Together the data indicate that the gene expression changes induced by smoking cigarettes or vaping e-cigarettes are consistent with immune suppression and that e-cigarette users had a large set of unique gene expression changes compared with nonsmokers and cigarette smokers.
Pathway analysis of cigarette and e-cigarette smokers. Pathway analysis was conducted for three sets of genes using DAVID: the 53 common cigarette and e-cigarette responsive genes (Supplemental Table S2 ), and the 358 genes representing the entire e-cigarette response (Supplemental Table S2 ). The top 10 canonical pathways representing the gene expression in each comparison group can be found in Supplemental Table  S3 . Four pathways, the cytokine-cytokine receptor interaction, apoptosis, Toll-like receptor signaling pathway, and NOD-like receptor signaling pathway, overlapped in both comparison groups [E-cigarette vs. Nonsmokers and Cigarette Smokers vs. Nonsmokers (Supplemental Table S3 )]. Outside of these four pathways, there was no overlap in canonical pathways represented in the gene expression changes induced in the two comparison groups.
Transcription factor analysis of cigarette and e-cigarette gene expression changes. To further understand the difference in gene expression changes induced in smokers and e-cigarette users, we identified functional transcription factor networks based on differentially expressed genes that code for transcription factors using IPA. Additionally, we used Genomatix to determine whether genes within the gene set also contained transcription factor binding sites for these transcription factors. When analyzing the cigarette response, 7 transcription factors were identified as differentially expressed and statistically significant in the upstream regulator analysis: EGR1, V-Ets Avian Erythroblastosis Virus E26 Oncogene Homolog 1 (ETS1), Nuclear Factor Of Kappa Light Polypeptide Gene Enhancer In B-Cells 1 (NFKB1A), NOTCH1 (NOTCH1), XBox Binding Protein 1 (XBP1), B-Cell CLL/Lymphoma 6 (BCL6), and B-Cell CLL/Lymphoma 3 (BCL3) (Supplemental Table S4 ). In contrast, 50 transcription factors were identified as differentially expressed in e-cigarette users and were statically significant in the upstream regulator analysis (Supplemental Table S4 ). This analysis also suggested that the 7 transcription factors regulated 30 of 53 differentially expressed genes in the cigarette smokers, and the 50 transcription factors regulated 262 of 358 genes differentially expressed in the e-cigarette smokers compared with the nonsmokers group (Fig.  4, A and B) . Focusing on the 7 transcription factors whose expression was decreased in both cigarette smokers and e-cigarette users, 120 genes were regulated by these transcription factors in e-cigarette users (Fig. 4C ) compared with 30 genes regulated in cigarette smokers (Fig. 4A) . Genomatix was used to determine whether the gene sets identified as changed in e-cigarette smokers or cigarette smokers compared with nonsmokers were enriched for sequences bound by the predicted transcription factors. Since Genomatix has a more limited database, overlap between the IPA and Genomatix analysis was not complete. In the comparison of cigarette smokers with nonsmokers, 5 of the 7 identified transcription factors were represented within the Genomatix family matrix. Of these 5 transcription factors, 4 were significantly enriched in the comparison of cigarette smokers with nonsmokers. Similarly, in the comparison of e-cigarette users with nonsmokers 33 of 50 identified transcription factors were represented within the Genomatix family matrix, and 31 of these 33 were found to be significant in the transcription factor binding site analysis (Supplemental Table S4 ). These data suggest that the identified transcription factors likely play an important role in driving the differential responses seen in e-cigarette users and smokers. We also found that, for transcription factors whose expression was changed in both the cigarette smoker and e-cigarette user groups, the level of suppression was greater in e-cigarette users than in cigarette smokers for each transcription factor (Table 2 ). To determine whether this was functionally associated with reduced expression of a greater number of target genes, we focused our analysis on EGR1. EGR1 is an immediate-early gene regulating the transcription of many immune genes, including cytokines/chemokines, adhesion molecules, proteases, and autophagy genes. Using Genomatix and IPA, downregulation of EGR1 was computationally assessed to be functionally associated with reduced expression of 5 target genes in cigarette smokers and 18 target genes in e-cigarette users (Fig. 5, A and B, respectively) . Genes functionally associated in both smokers and e-cigarette users with the suppressed EGR1 expression were CD44 Molecule (CD44), Colony Stimulating Factor 1 (CSF1), Chemokine (C-X-C Motif) Ligand 2 (CXCL2), BCL2-Like 11 (BCL2L11), and Fas Cell Surface Death Receptor (FAS).
Confirmation of change in CSF-1 and CCL26 levels in smokers and e-cigarette users. Based on the functional association analyses between suppressed EGR1 expression and target genes, we analyzed the levels of CSF-1 in NLF from the same study subjects as were used in the gene expression analysis. Since CSF-1 is constitutively expressed by a variety of epithelial cell types and has been shown to play important roles in innate immunity, including host defense responses against fungal, bacterial, and viral infections (6, 18) it represented a suitable target for confirmatory studies. CSF-1 expression was significantly decreased in NLF from both cigarette smokers and e-cigarette users compared with nonsmokers (Fig.  6A) . We also analyzed the levels of CCL26/eotaxin-3, a chemokine expressed by epithelial cells important for the recruitment of not only for eosinophils, basophils, and T lymphocytes, but also NK cells (7, 29, 37) . Similarly to CSF-1, expression of CCL26/eotaxin-3 was significantly decreased in NLF from cigarette smokers, but this suppression did not reach statistical significance in e-cigarette users (Fig. 6B) .
DISCUSSION
In the study described here we compared immune-related gene expression changes induced in the nasal mucosa of cigarette smokers and e-cigarette users, compared with nonsmokers. There were three major observations derived from this study: First, smoking cigarettes or vaping e-cigarettes resulted in decreased expression of a large number of immunerelated genes. Second, all of the genes suppressed by cigarette smoking were also suppressed in nasal biopsies from e-cigarette users. Third, vaping e-cigarettes was associated with a much greater number of gene expression changes and, in a gene-by-gene comparison, stronger levels of suppression compared with cigarette smokers. Thus our data indicate that vaping e-cigarettes is associated with broad gene expression changes that are consistent with immune suppression at the level of the nasal mucosa.
The effects of smoking on the respiratory immune response are very complex and include both activation of proinflammatory pathways and suppression of immune responses in the respiratory mucosa, leading to increased tissue injury and enhanced susceptibility to microbial infections (1, 17, 19, 28, 30, 39, 40) . The airway epithelium is a key orchestrator of respiratory immune responses through the expression of cytokines/chemokines, adhesion molecules, surface markers/ligands, and antimicrobial peptides/mucins (28) . Therefore, we focused our gene array analyses on changes in a defined set of immune response genes in nasal biopsies obtained from nonsmokers, cigarette smokers, and e-cigarette users. Our data demonstrate that immune genes were broadly suppressed in both cigarette smokers and e-cigarette users compared with nonsmokers. Within the 597 immune-related genes tested in our study, the most significantly affected canonical pathway common to both nasal epithelial biopsies obtained from smokers and e-cigarette users was the cytokine-cytokine receptor interaction pathway (Supplemental Table S3 ). In cigarette smokers this included the suppressed expression of 18 genes and in e-cigarette users 75 genes related to cytokines/chemokines or their receptors, including the two chemokines CSF-1 and CCL26/eotaxin-3. We demonstrate that baseline levels of CSF-1, which is important for the recruitment and activation of innate immune cells, are reduced in the NLF of cigarette smokers and e-cigarette users compared with nonsmokers. CSF-1 is a major chemokine and regulatory factor for mononuclear cells (46, 48) . It is constitutively expressed by a variety of epithelial cell types and has been shown to play important roles in innate immunity, including host defense responses against fungal, bacterial, and viral infections (4, 15) . Similarly, baseline expression of CCL26/eotaxin-3 was suppressed in NLF from cigarette smokers, but this reduction did not reach statistical significance in NLF from e-cigarette users. CCL26/ eotaxin-3 is produced by all epithelial cells lining the respiratory tract (37) and recruits and activates eosinophils in the context of allergic airways disease (29) . In addition, CCL26 has been shown to be a potent chemoattractant for nasal NK cells (7), which we have previously demonstrated to be modified in cigarette smokers (16) . Even though our data do not demonstrate whether and how the decreased expression of genes associated with cytokine/chemokine signaling is of biological significance, it is likely that the smoking-and vapinginduced reduction of chemokines, such as CSF-1 and CCL26/ eotaxin-3, at the level of the epithelium has functional consequences related to orchestrating respiratory immune capabilities. Despite their increased use and popularity, the effects of e-cigarettes on human health and how they compare with those induced by cigarette smoking is largely unknown. Our data indicate that, compared with nonsmokers, nasal biopsies obtained from cigarette smokers presented an overall suppression of immune-related genes, similar to e-cigarette users. However, the extent of suppression as well as number of immunerelated genes whose expression was significantly decreased was six times greater in e-cigarette users than in cigarette smokers (53 vs. 358). Recent studies suggest that, similar to CS, immune suppressive effect and increased susceptibility to microbial infections can also be induced by e-cigarettes. Specifically, mice exposed to e-cigarette vapor showed impaired bacterial clearance and enhanced susceptibility to influenza virus infections (47) . In a separate study, exposure to e-cigarette vapor reduced antibacterial host defense responses in mice, resulting in increased bacterial growth and biofilm formation, which was associated with decreased levels of several important chemokines/cytokines in the bronchoalveolar lavage (20) . Our data are supportive of the findings in these mouse studies, indicating that, similar to cigarette smoking, e-cigarette use is associated with a large suppressive effect on the expression of innate immune-related genes in the nasal mucosa. Therefore, the decreased ability to fight infection and reduced innate host defense responses associated with cigarette smoking could also be induced by vaping e-cigarettes and may be mediated by reduced expression of key immune genes in the respiratory epithelium.
The majority (n ϭ 9) of our e-cigarette users smoked cigarettes prior to switching to e-cigarettes, while the remainder (n ϭ 3) had no prior history of cigarette smoking. E-cigarette users and cigarette smokers had similar levels of serum cotinine, indicating similar daily levels of nicotine exposure. As expected, e-cigarette users had much lower urine NNAL levels than smokers, but e-cigarette users' levels were also higher than those of nonsmokers. Of the e-cigarette users, seven subjects had urine NNAL levels similar to those seen in nonsmokers (urine NNAL Ͻ10 pg/ml; Supplemental Table  S1 ), suggesting that some of the e-cigarette users included in this study occasionally used some form of tobacco. The small sample size used in the data presented here does not allow for a direct comparison among the subgroups of e-cigarette users. However, it is likely that prior cigarette smoking will result in gene expression changes that are maintained for long periods of time after smoking cessation. Previous comparison of gene expression profiles of bronchial epithelial cells from current, never, and former smokers suggest smoking induces a broad range of gene expression changes in bronchial epithelial cells (43) including enhanced expression of genes associated with xenobiotic metabolism or redox stress, while suppressing genes involved in immune responses, such as CX3CL1, which was also suppressed in our study. Follow-up studies also indicated that some smoking-induced gene expression changes are irreversible (45) . Thus it is possible that the 53 genes decreased in both cigarette smokers and e-cigarette users are derived from the cigarette smoking history common to both groups, which are not reversed by switching to e-cigarettes. However, beyond the group of genes shared with cigarette smokers, e-cigarette users showed 305 unique genes whose expression was decreased compared with nonsmokers. Based on the similar serum cotinine levels in cigarette smokers and e-cigarette users (Table 1) , it does not appear that the overall difference in number and level of gene expression changes is dependent on nicotine. E-cigarette vapors are a chemical mixture, whose complexity varies based on several different factors, including the flavoring of the e-juice or e-liquid. We did not collect detailed information on the preferred flavors used in our e-cigarette user cohort, but it is unlikely that the effects shown here can be attributed to a single flavoring chemical, but possibly a group of flavoring or class of chemicals, like aldehydes, common to many different vapors.
Among the most striking findings presented here is the significantly greater number of genes suppressed in e-cigarette users compared with cigarette smokers, including a greater number of transcription factors. In addition to inducing a broader suppression of immune-related genes, we also observed that the level of suppression of common genes was greater in e-cigarette users compared with cigarette smokers (Fig. 3) . This pattern included the 7 common transcription factors whose expression was reduced in both cigarette smokers and e-cigarette users. For example, EGR1, which was the gene with the greatest fold change (FC) observed in nasal biopsies from smokers (FC ϭ Ϫ2.84), was decreased almost 10-fold (FC ϭ Ϫ9.65) in e-cigarette users (Table 2) . A computational prediction model of genes regulated by the transcription factor EGR1 and represented in this gene expression platform indicated that a number of genes were functionally associated with reduced EGR1 expression: specifically, 5 in cigarette smokers and 18 in e-cigarette users. These data suggest that the more enhanced suppression of genes encoding transcription factors in e-cigarette users was also associated with a greater number of downstream affected genes.
Taken together, the data shown here demonstrate that vaping e-cigarettes does not reverse smoking-induced gene expression changes and may result in immunomodulatory effects that go beyond those induced by smoking cigarettes alone. The potential underlying mechanisms of these responses are just starting to emerge as we increase our understanding of the individual components that comprise e-cigarette vapor. The chemical components are varied and dependent on the formulation of the e-liquid, the vaporizing device, and the aerosol generation process itself (8, 10, 11, 49) . Recent studies have demonstrated that, depending on the dose, inhalation of the propylene glycol/ glycerin vehicle vapor alone can generate proinflammatory responses (49) . Vaporization of the humectants contained in e-cigarettes can also lead to the generation of volatile carbonyls, such as formaldehyde, acrolein, and acetaldehyde, which have known adverse pulmonary health effects (10, 11) . Emission of the carbonyls is greatly dependent on the device used and increases significantly when the output wattage is increased (10) . Interestingly, e-cigarette device wattage can often be manually adjusted, especially in the more recently developed devices, thus potentially enhancing the generation of carbonyls. In addition, the significant number of flavoring chemicals added to e-cigarettes further enhances the complexities of the inhaled mixture. Despite the common perception that vaping e-cigarettes is a safe alternative to cigarettes, the data shown here demonstrate the need for further studies related to changes in respiratory immune health induced by vaping e-cigarettes.
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